Understanding the occurrence and spatial spread of infectious disease is a major challenge to 22 epidemiologists and evolutionary biologists. Current theory predicts the spread of highly 23 exploitative parasites at the front of spreading epidemics. However, many parasites rely on the 24 dispersal of their hosts to spread to new habitats. This may lead to a conflict between local 25 transmission and spatial spread, counteracting selection for highly virulent parasites. Yet, there 26 are no experimental tests of these hypotheses. Here we investigate parasite evolution in an 27 experiment creating conditions in cores and at fronts of spreading host-parasite populations, 28 using the freshwater host Paramecium caudatum and its bacterial parasite Holospora undulata. 29 We find that parasites from experimental range fronts induce higher rates of host dispersal than 30 parasites from the core. This divergence is accompanied by lower levels of virulence and 31 delayed development of infectious stages of front parasites. We validate these experimental 32 results by fitting an epidemiological model to time-series data independently obtained from the 33 experiment. This combined evidence suggests an evolutionary trade-off between host 34 exploitation (virulence) and host-mediated dispersal, resulting in a shift of the investment in 35 horizontal transmission. In conclusion, our results show that different segments of an epidemic 36 wave may be under divergent selection pressures, shaping the evolution of parasite life history. 37 These findings have important implications for our understanding of the interaction between 38 demography and rapid evolutionary change in spreading populations, which is crucial for the 39 management of emerging diseases, biological invasions and other non-equilibrium scenarios.
INTRODUCTION
Epidemic outbreaks of infectious disease are of great concern to human health, agriculture and 45 wildlife conservation, and understanding the ecological and evolutionary drivers of their spread 46 represents a major challenge to epidemiologists and evolutionary biologists (Parratt et al., Long-term experiment 143 Similar to Fronhofer and Altermatt (2015), we imposed dispersal selection in 2-patch 144 microcosm arenas (SI 1, Fig. S1 ), built from two 14-mL plastic tubes, interconnected by 5-cm 145 silicon tubing, which can be blocked or opened with a clamp. We define dispersal as the active 146 swimming of Paramecium from one microcosm to the other via the connection tubing (i.e., the 147 dispersal corridor). 148 The experiment was seeded from an uninfected host line ("63D", haplotype b05) from our 149 laboratory that had been under "core selection" (see below) for three years and shows 150 characteristically low dispersal propensity (O.K., unpublished data). A 63D mass culture was 151 infected with an inoculum of H. undulata prepared from a mix of various infected stock 152 cultures (for extraction protocol, see Supplementary Information S2). All parasites in this mix 153 originate from a single isolate of H. undulata brought into the lab in 2001. 154 In the front selection treatment, we placed infected Paramecium in one tube ("core patch") and 155 opened the connection for three hours, allowing them to swim into the second tube ("front 156 patch"). Paramecium from the front patch were recovered and cultured in bacterised medium, 157 allowing free host population growth and parasite transmission. After one week, we imposed 158 another dispersal episode, again recovering only the Paramecium from the front patch, and so 159 on. The core selection treatment followed the same alternation of dispersal episodes and growth 160 periods, except that only Paramecium from the core patch were recovered and propagated (SI 161 1, Fig. S2 ). We established 5 'core selection' lines and 5 'front selection' lines that were 162 maintained for a total of 56 episodes of dispersal. To minimise potential effects of host 163 (co)evolution, we extracted infectious forms from each selection line after cycle 30, inoculated 164 a new batch of naïve, 63D hosts and continued the experiment for the remaining 26 cycles. For 165 details of the experimental protocols, see Supplementary Information (section S1 and S3). 166 Measurements. During the long-term experiment, we took routine measurements of population 167 density, infection prevalences and dispersal rate (see Supplementary Information SI 3, Fig. S3 ). 168 Densities were estimated by counting the number of cells in small samples (0.2-1 ml) under a 169 dissecting microscope. To estimate infection prevalence in a population, ≈20 arbitrarily picked 170 individuals were placed on a microscope slide and stained with 1% lacto-aceto orcein (Fokin 171 and Görtz, 2009). Under a microscope (phase-contrast, 1000x magnification), we determined 172 the proportion of infected hosts (absence/presence of infection) and the stage of infection, 173 namely whether the parasite was producing horizontal transmission stages (infectious forms).
174
Such hosts were considered 'infectious' (see Nidelet et al. 2007 ).
176
Parasite assays 177 At the end of the experiment, we extracted parasites from core and front selection lines to 178 inoculate new, naïve hosts. We then assayed parasite effects on host dispersal, infection life-179 history and virulence. To assess the generality of trait expression, we tested the evolved 180 parasites on naïve 63D hosts, but also on two other genotypes, C023 and C173 (provided by S.
181
Krenek, TU Dresden, Germany). Companion assays of long-term host change are reported 182 elsewhere (Zilio et al., 2020)).
183
All assays were performed on a cohort of infected replicate cultures, over the course of 3 weeks 184 under common-garden conditions. To initiate the cultures, we placed ≈ 5 x 10 3 cells of a given 185 naïve host genotype in 1.4 ml of bacterised medium in a 15ml tube, to which we added the 186 freshly prepared inoculum of a given evolved parasite line (≈ 1.5 x 10 6 infectious spores, on 187 average). On day 4 post-inoculation (p.i.), when most infections have established, we split the 188 cultures into 3 technical replicates and expanded the volume to 30 ml, by adding bacterised 189 medium. In total, we set up 90 replicate cultures (2 selection treatments x 5 parasite selection 190 9 lines x 3 host genotypes 3 technical replicates). We also prepared additional uninfected 191 replicate cultures from each host genotype (exposed to a 'mock inoculum' prepared from 192 uninfected cultures), which were used as a benchmark reference in certain assays.
194
Dispersal of infected hosts 195 Between day 14 and 19 p.i., we assayed the dispersal rates of hosts infected with core and front 196 parasites. We used linear 3-patch arenas (SI 4, Fig. S4 ), where the Paramecium disperse from 197 the middle tube to the two outer tubes, thereby yielding larger number of dispersers than 2-198 patch systems. Arenas were filled with ~2800 individuals in the middle tube. After 3 h of free 199 dispersal, we took samples from the middle tube (0.5 mL) and from the pooled two outer tubes Epidemiology and parasite development (latency). From day 6 to 13 p.i., we tracked population 214 density and infection prevalence in the 90 replicate cultures, using a blocked sliding window 215 (day 6-8, 11-13) and ensuring that each parasite x host combination was measured once per 216 day. These data were used for the fitting of an epidemiological model (see below). For day 6 217 to 11 p.i., we further recorded the proportion of infectious hosts in LAO-fixed samples. These Fitting an epidemiological model to time series data 251 We fitted a simple epidemiological model to the above population density and infection 252 prevalence data recorded for our assay replicate cultures (day 6-13 p.i.). The aim was to obtain 253 additional independent estimates of parasite parameters (Table 1) 
256
Model structure. We model the density of non-infected (S) and infected (I) species using 257 ordinary differential equations (ODEs). In the absence of parasites, we consider that non- where b is a birth rate, d a death rate and α a competition term. N is the total number of 263 individuals (S +I), which is equal to S here.
264
In the presence of infected individuals, uninfected individuals become infected at a rate 265 proportional to the number of infected and non-infected individuals at a rate β:
Moreover, infected individuals also display Beverton-Holt dynamics, but their birth rate can 271 be decreased, hence we multiply b by a term (1 -v), where v is the virulence of the parasite: Finally, vertical transmission of the parasite is not necessarily 100%, and some of the 277 Paramecium "born" from infected individuals could be free of parasites. We name γ the 278 proportion of successful vertical transmission:
Since the majority of infected individuals were not yet producing infectious forms at the 284 beginning of the time series, we added another parameter, τ, which is the latency before an Latency. The first infectious hosts appeared on day 6 p.i., and their frequency then increased 336 over the following week, reaching up to 100% (Fig. 3) . Front parasites produced a significantly 337 lower proportion of infectious hosts than did core parasites (29% vs 37%, on average), 
363
The shaded points and dashed lines are the mean and trajectories of the selection lines for the 3 host genotypes.
364

Epidemiological model fits 365
By fitting an epidemiological model to the population-level data from the assay replicate cultures 366 (infection prevalence and population density), we obtained independent estimates of parasite 367 parameters. Generally, the model succeeded in capturing the main demographic and epidemiological 368 dynamics observed in the cultures. This is illustrated in Fig. 5A , showing the model fits for the densities 369 of infected and uninfected hosts for the 63D host genotype (for the other two host genotypes, see SI 6 370 Fig. S9 ). Estimates of virulence, horizontal transmission rate and latency confirm the main trends found 371 in the above assays (Fig, 5B-D) . Namely, the model fits show that front parasites have lower virulence, 372 lower transmission rate and longer latency time than core parasites, a pattern consistent over all three 373 host genotypes. dispersal. In our case, the evolution of higher dispersal at the front seemingly comes at the cost 397 of reduced horizontal transmission potential, a trade-off resulting from a reduction in virulence.
398
A first conclusion from this observation is that the optimal balance between transmission and 399 host exploitation strategies depends on the way parasites disperse in space. Importantly, as we 400 show here, dispersal itself can be the target of selection, adding another trait to the equation. . We prevented this latter evolutionary mechanism in the present 423 experiment by adjusting population density in both core and front treatments after dispersal. The experimental system consisted of two 14 mL plastic tubes (the core and front patch, Fig.   623 S1) interconnected by a 5 cm silicon tube of 0.6 mm inner diameter (corridor). We first filled 624 the two-patch system with 9.5 mL of fresh growth medium and we then closed the corridor 625 with a clamp. Secondly, we filled to 13 mL one of the two tubes, the core patch, using the 626 paramecia and medium from an experimental selection line. The second tube, the front patch, 627 was filled to 13 mL with fresh growth medium, and thus resulted empty at this stage. Thirdly, 628 we removed the clamp and opened the corridor allowing the paramecia to actively disperse and 629 swim from core to front patch or to stay in the core. After three hours, we closed the corridor 
638
For the first 30 dispersal/growth cycles, we adjusted Paramecium densities between treatments 639 for the initial number of individuals placed in the core patch before the dispersal event (~2000 640 individuals), and for the number of Paramecium transferred after dispersal (~200 individuals).
32
After cycle 30, we extracted infectious forms from each selection line, inoculated a new 63D 642 hosts, and continued the selection experiment for another 26 cycles with a relaxed density 643 adjustment protocol. During these last 26 cycles, we ceased correcting for density at each 644 dispersal episode to allow to for more natural range expansion growth dynamics to occur. The 645 experimental design of the selection protocol is described in the main text and illustrated in Figure S2 . Experimental evolution setup. We selected for high (red) and low (blue) dispersal by weekly allowing for active added to the middle tube ~2800 individuals and we filled it to 25 mL adding fresh growth 704 medium. Third, the outer tubes were filled to 25 mL, clamps were removed and the connections 705 were opened for 3 h, dispersal rates and densities were then estimated by counting the 706 Paramecium in samples from the central tube (500 µl) and from the combined two outer tubes 707 (3 mL). From these estimates we calculated the dispersal rate of infected hosts. In total, 99 708 dispersal assays were conducted (90 infected populations and 9 uninfected mock cultures 709 across the three host genotypes), with at least one replicate of each treatment combination 
